A Gouy phase shift is acquired each time a beam goes through a focal point. It is a common practice in optical coherence tomography (OCT) systems to focus the light on a sample to obtain a good transverse resolution in addition to the axial resolution provided by the coherence gating. In presence of chromatic aberration, the position of the focal point is wavelength dependent. This leads to an enhanced wavelength dependency of the Gouy phase shift for measurements performed in the focal region of the sample arm. This affects the positioning of the envelope of the interferogram and can thus have a strong impact on the axial position accuracy as measured by an OCT system using the maximum of the envelope. Chromatic aberration not only leads to a Gouy phase shift, but also to an additional wavelength-dependent term related to the transverse phase distribution over the aperture of the collecting optics. This last term brings a contribution that is of the same order as the Gouy phase shift. We demonstrated these effects in time-domain OCT in a previous paper [Lamouche et al., Optics Comm., Vol. 239, 297 (2005)]. This problem is revisited with Fourier-domain OCT by performing measurements with a swept-source OCT system. This allows to confirm that the effect observed is not interferometer dependent but purely optical in origin. It also provides a clear experimental confirmation that the effect is related to chromatic aberration. This work is of interest for OCT measurements that require accurate relative position measurements in the focal region.
INTRODUCTION
We begin with a simple measurement to perform in Optical Coherence Tomography (OCT). The left part of Figure 1 depicts the sample arm of an OCT system in which a mirror surface is scanned in the transverse direction. Such a simple measurement can lead to a peculiar feature in the resulting OCT cross-section as illustrated on the right part of Figure 1 . The mirror surface is clearly delineated, but instead of obtaining a inclined and straight interface, a kink is obviously present in the image. This effect occurs exactly in the focal region of the illuminating optics. This paper is about this peculiar effect.
We already studied this effect using time-domain OCT (TD-OCT) and showed that it is due to the presence of wavelength dependent phase shifts in presence of chromatic aberration. 1 Many lenses that are sold as achromats exhibit wavelength dependency in their focal length that may be significant. We revisit the problem with FourierDomain OCT (FD-OCT), and more precisely swept-source OCT (SS-OCT). The goal is to confirm that the effect observed is not system dependent but purely optical in origin, and to seek for any particular signature of the effect in FD-OCT.
In Section 2, we present experimental observations showing the effect in a dedicated experimental setup using both TD-OCT and SS-OCT. In Section 3, we describe the underlying phenomena that lead to the experimental artifact. In section 4, we show that a clear signature demonstrating that this artifact is related to chromatic aberration can easily be obtained in FD-OCT. In section 5, we present a striking example showing that the artifact can be quite important in some cases. 
EXPERIMENTAL OBSERVATIONS
To illustrate the effect experimentally, we perform measurements using the dedicated setup illustrated in Figure 2 . A window is placed in the sample arm of a fibered TD-OCT system or a fibered SS-OCT system, both systems operating in the 1.3 µm range. The measured resolutions are 14.5 µm and 12 µm for the TD-OCT and SS-OCT systems, respectively. Light delivery and collection is performed through a single-mode fiber, a collimating lens L 1 and a focusing lens L 2 . What is peculiar in that setup is that there is no transverse scanning, but the lens L 2 is moved downward while successive A-scans are recorded. Lens L 2 is moved slowly enough to neglect its motion during the recording of a single A-scan. The lens L 1 and the sample are kept at the same position. The position of the window surface is determined from the location of the maximum of the envelope function of an A-scan, the maximum being determined by fitting a gaussian function on the measured envelope. Since the optical path length is not changed as lens L 2 is moved, the position of the window surface should be constant for all A-scans. Experimental results are shown in Figure 3 for various combinations of collimators and focusing lenses. The symbols F 1 and F 2 denote the focal lengths of the collimator lens (L 1 ) and the focusing lens (L 2 ), respectively. These graphs show the measured surface position as a function of the position of the sample surface relative to the focal point of lens L 2 . Every measured position corresponds to a single A-scan. In all the cases, the measured surface position is not constant, but the surface appears elevated when the sample is located in the focal region of lens L 2 . Results obtained with both TD-OCT and SS-OCT are very similar, confirming that the observed effect is not dependent upon the interferometer but has a purely optical origin. The amplitude and spatial extent of the effect varies with the optics used. It is, in fact, related to the chromaticity of the lenses as we will see in the following section. The results are not symmetric around the origin, the degree of asymmetry varying from one measurement to another. This asymmetry is attributed to a slight misalignment in the optical setup. In the next section, we present modeling results. Not all cases are suitable for modeling because some collimator-lens combinations lead to a clipped gaussian beam that does not provide the expected spot size. For comparison with modeling, only the top-left case of Figure 3 is used since it corresponds to a well defined illumination scheme. 
GOUY AND TRANSVERSE PHASE SHIFTS
In this section, we review the phenomena that are responsible for the artifact. These phenomena were previously discussed in our former publication based on TD-OCT. 1 The phenomena are only again illustrated here, we refer the reader to our previous publication for mathematical details. 
Gouy phase shift
The Gouy phase shift is a phase shift that results from the transverse confinement of a beam. It was first demonstrated in 1890 by Gouy.
2 For a gaussian beam going through a focal point, this phase shift increases by π/2 when going to the focus and by another π/2 when going out of the focus, for a total of π. 3 This variation is not discrete, but the phase shift increases monotonically over a distance of the order of the Rayleigh range. When the beam propagates through an optical system, the Gouy phase shift accumulates. 4 In Figure 4 , we look at this phenomena in the context of an OCT measurement. The sample arm of a fiberbased interferometer is represented in three configurations, each with a fiber, a collimating lens L 1 , a focusing lens L 2 , and a sample. In the middle configuration, the system is in a confocal configuration with the sample surface at the focal point of lens L 2 . We can calculate the accumulated Gouy phase shift Φ G for light exiting the fiber, reflected by the sample, and collected back by the fiber. The phase shifts acquired when going towards the sample are put above the sketch, while those acquired on the return path are put below. The beam acquires a π/2 phase shift when exiting the fiber, a π/2 phase shift when focusing on the sample, a π/2 phase shift when diverging from the sample, and a π/2 phase shift when reentering the fiber, for an accumulated phase shift of 2π. In the lowest configuration, the focal lengths of lens L 1 and L 2 are such that the sample surface is well before the waist of the illuminating spot. In that case, the beam acquire a π/2 phase shift when exiting the fiber, π phase shift on the return path right after the reflection on the sample, and there is no additional phase shift before entering the fiber. The resulting accumulated Gouy phase shift is thus 3π/2. A similar reasoning provides an accumulated Gouy phase shift of 5π/2 for the upper case. In this case, the focal lengths of lenses L 1 and L 2 are such that the sample surface is located well after the illumination waist. This shows that the accumulated Gouy phase shift varies with the position of the sample relative to the illumination waist. The variation is not discrete like for the limiting cases considered in Figure 4 , but continuous. In the previous discussion, it was assumed that the lenses L 1 and L 2 were changed when going to one configuration to another to vary the focal lengths. The rightmost labels on Figure 4 indicate that for a fixed choice of lenses, the three situations can occur at different wavelengths in presence of chromatic aberration. This is due to the fact that the focal lengths vary with the wavelength. Consequently, for a given OCT setup, chromatic aberration leads to an accumulated Gouy phase shift that varies with the wavelength, not in discrete manner as depicted in Figure 4 , but in a continuous manner. Thus, the Gouy phase shift introduces a wavelength dependent phase shift in the signal collected from the sample arm of the interferometer. It is quite straightforward to show that such a wavelength dependent phase shift in OCT leads to a displacement of the envelope function. The mathematical expression for this displacement can be found in Ref. 1 . We apply the result here to the top-left case of Figure 3 . The displacement of the focal point with wavelength for the two lenses were determined with the Zemax software (www.zemax.com) and the Rayica-Wavica Mathematica application (www.opticasoftware.com). Lens L 1 is a Lightpath aspheric lens (350280) with a focal length of about 18 mm that varies by 7.1 µm for a variation of 20 nm in wavelength. Lens L 2 is a Melles Griot lens (GLC003) with a focal length of about 14.5 mm that varies by 5.9 µm for a variation of 20 nm in wavelength. The modeled effect of the wavelength dependent Gouy phase shift on the position of the envelope function is compared to the experimental result in Figure 5 . The Gouy phase shift leads to an apparent displacement of the surface on length scale similar to the experimental results as well as in the same direction, but the modeled effect is much stronger than experimentally observed. An additional contribution related to the transverse phase shift must also be considered. 
Transverse phase shift
The source of the additional contribution is depicted in Figure 6 . The upper part corresponds to the confocal position, similar to the middle case in Figure 4 . In such a configuration, the returning beam is at its waist when reentering the fiber and there is a perfect match with the mode profile of the singlemode fiber. The lower part describes the case where the system is not in confocal configuration. In that case, the returning gaussian beam is larger than the mode profile and has a curvature when reentering in the fiber. The mode coupling is less efficient, and the transverse phase variation also leads to a phase shift in the excited mode of the fiber. This is what we refer to as the transverse phase shift. Like for the Gouy phase shift, in presence of chromatic aberration, the focal lengths of the lenses will vary with wavelength, consequently, the returning gaussian beams at the various wavelengths will match differently the mode profile of the propagating mode of the fiber. This will lead to a wavelength dependent transverse phase shift. As for the wavelength dependent Gouy phase shift, it will induce a displacement of the envelope function measured in OCT. The mathematical description is readily evaluated from a mode coupling integral and the result can be found in Ref. 1 . The modeled contribution of this effect for the top-left case of Figure 3 is also presented in Figure 5 . It is of smaller amplitude than the effect of the Gouy phase shift and of inverse sign over most of the focal region.
Single mode fiber
Single mode fiber Incoming gaussian beam Incoming gaussian beam Figure 6 . The upper drawing illustrates the reentry of the reflected beam in the fiber in the confocal configuration for which there is a perfect match with the mode profile of the fiber. The lower drawing shows the reentry of the beam in another configuration, for which the curvature of the beam leads to a transverse phase shift in the mode coupling. 
Combined effect

SIGNATURE IN FOURIER-DOMAIN OCT
In Figure 8 , we show the SS-OCT spectral interferograms, in wavelength scale, that correspond to three different positions of the sample window relative to the focal position of the focusing lens. The experimental configuration is the same as in Section 2. The corresponding position of the window surface is indicated by a thick vertical line in the lower graphs of Figure 8 . These lower graphs are similar to those presented in Figure 3 . From the left to the right, one clearly sees a shift towards the lower wavelengths of the wavelength content of the spectral interferograms. When the sample is below the focal point, the longer wavelengths are better focused. When the sample is above the focal point, it is the shorter wavelengths that are better focused. This variation in wavelength content is a clear confirmation that the observed effect on the apparent surface position is caused by chromatic aberration. 
A STRIKING EXAMPLE
The effect in Figure 7 is rather small since the displacement of the envelope function is a little more than 2 µm. This might give the impression that the effect can be considered too small to be significant. Figure 9 presents an experimental case where the effect is rather striking. The SS-OCT system is used to scan transversally a Mitutoyo step gauge with steps of 10 µm, 5 µm, 2 µm, and 1 µm. A first measurement is performed in the configuration of Figure 9 (a) in which the focal point is located way below the measured surfaces. The surface profile shown by top curve in Figure 9 (c) provides exactly what is expected. There is a slight slope in the measurements which is attributed to fluctuations in the path lengths of the interferometer. In the configuration of Figure 9 (b), the focal point is brought between steps A and B. The resulting surface profile is shown by the lowest curve of Figure 9 (c). All the surfaces are seen at a lower position, as expected. There is nevertheless a very peculiar effect, step B which is lower than step C appears at a higher position. This is a clear signature of the effects of the Gouy and transverse phase shifts. In fact, due to the focal point location, both steps A and B are affected, the step between A and B being as expected of about 10 µm. These two steps appear elevated while the remaining steps C to D appear where they are expected since they are away from the focal point. This measurements shows that the effect of the Gouy and transverse phase shifts can be very important in some cases. 
CONCLUSION
We have shown that the presence of chromatic aberration in the optics used in an OCT system can lead to wavelength dependent phase shifts that affect the measured position of the envelope function. The underlying phenomena are the Gouy phase shift and the transverse phase shift resulting from the coupling into a fiber of a gaussian beam with a curvature. These results previously studied with TD-OCT were confirmed with SS-OCT. These results are of interest for measurements requiring precise localization of features in an OCT cross-section. The work in the present paper was done with a single reflecting surface. Current work is under way to study this effect in the context of tissue imaging.
